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GENERAL-PURPOSE RFQ DESIGN PROGRAM*

E. A. Wadlinger, AT-2, MS-H811
Los Alamos National Laboratory, Los Alamos, New Mexico 87545

Summar:

We have written a general-purpose, radio-frequency
quadrupole (RFQ) design program that allows maximum
tlexibility in picking design algorithms. This program
optimizes the RFQ on any combipation of design parame-
ters while simultaneously satisfying mutually compati-
ble, physically reauived constraint equations. It can
be very useful for deriving various scaling taws for
RFyYs. This program has a “friendly" user interface in
aaaition to checking the consistency of the user-
agefined requirements and is written to minimize the
effort needed to 1incorporate additional constraint
equations. We aescribe the program é&énd present some
examples.

Introduction

Tnere are many daifferent criteria that can be used
to optimize a particular RFQ. We might maximize the
brightness for a given current, or maximize the current
for a ygiven brightness while minimizing particle loss
ana vane-tip activation. We might constrain the over-
all length and power requirements for the design, or
maintain a given betatron and synchrotron tune through
the structure.

We do not wish to write a separate program to
handle every new approach to RFQ design. Therefore,
we have written a program that automates the design
for RFY accelerators, optimizes arbitrary given param-
eters while fixing others, and satisfies the constraint
equations governing the physics. The program does a
least-squares optimization of parameters coupled with
a Lagrange wmultiplier method to handle the constraint
equations.

In the next section, we define the problem for de-
signing RFYs and present a solution., We then give an
overview and several examples of the program “RFQOES,"
A friendly user interface and a toble that checks the
consistency of the users requirements is still being
aeveloped, when fully developed, the program will pick
the appropriate set of constraint ¢quations, given a
set of raquirements,

Method

RFQUES was written both to automate tho design
process for RFQ accelerators and to increase the flaxi«
p1Vity of our traditiona) design process.! We design
the accelerator by optimizing the design on certain
parameters  (desived  curvent, emittance, enittance/
acceptance vatio, energy gain per ¢ell, longitudinal
ana transverse space-charge parameters) while simultae
neously subjecting these parameters as well as othee
parameters (vane wodulation, minimum vane radius, sya-
chronous phase, betatron and synchrotron tunes, ete.)
to desigr anu physics constraints,

we solve this problem by defining a function |
that s tae squarcd sum of the (fitted minus desived)
parameter values plus the sum of the constraint eyua-
tions wultiplied by Lagrange multipliers, The func-
sion | ois then minimized by taking derivatives of the
function with raspect to all the nonfixed parametors
of  the system.  The resulting cquations, which are
twighly nonlinear, are solved with the Newton=Raphson
tacmique,
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A1l parameters can be placed in one of three
categories: Sl) fixed, (2) optimized about a desired
value, or (3) free fioating. Fixed parameters are
ignored in the following derivation., They are treated
as fixed numericel constants in the constraint equa-
tions. Optimized parameters are denoted by X, where a
is an index for the X variable array. Free-floating
parameters are denoted by Y{ and i is the cCorresponding
index of this array. We define the following param-
eters and functions:

xd = the desired values for parameters X
xf

n

the fitted values for the parameters X

03 = the weight narameter for X,

Y = the RFQ floating variables (no desired or fixed
value)

a) = the Lagrange multiplier for the ath constraint
equation

Fy, = the Ath constraint equation

Fx’a e Z)F)\/BXa
Fx,i * OF)/3Y4

2

33 4] o F, (xFuy)| (1)

We define an effective chi-square function 1 where
(xf - xd

I=1/2])
a

We minimize 1 with vrespect to X, Y, and o, and
obtain the following sct of nonlinear equations:

. N N NP S

d, = AL/ = Ky = K)o %uklx’a 0, (2)
Jy wal/avy = %“Apk.i ~0 , and (3)
dy *01/8uy m Fy =0 (4)

for all a, 1, and X indices. (If there are A optimized
parameters, 1 frecofloating parameters and A constraing
cquations, then (1 2a <A), (1 +A<t <A}, and
(V+A+T<A<cATT+A). We solve the system of
eqs. (2 to @), “We obtatn the matrix equation

I paaze (XY 1,)
w t(xn+1.yn@l'0n+l) - (Y aM ) e 0, (5)
which can be invertod to yive
(D G 0 G (ad/a K Y | )
* ") (6)

where noawd no+ 1 denote the fteration number.



Program RFQDES Oveiview

We aahered to the FORTRAN 77 standard in writing
RFQUES. The structure is modularized to facilitate
implementing future changes. All derivatives are cal-
culated analytically to improve the precision and rate
of convergence of the Newton-Raphson technique. We
usea the chain rule for taking derivatives so that mod-
ifications to a formula for calculating a constraint
equation will nave a limited or negligible impact on
other formulations in the program.

The nonlinear least-squares optinmizer routine,
though written for this program, was designed so that
it can oe lifted easily from this package and used
elsewhere. Each variable, except in the optimizing
package vhere array variables are used, is given a name
that indicates its function. One subroutine is used to
convert back ana forth between named variables and the
array variables needed by the optimizer. This proce-
dure introduces a slight run-time inefficiency but,
greatly facilitates coding and debugging. The result-
ing program is more readable and modifiable,

All parameters internal to the code are dimen-
sionless |except for beam current which 1S scaled by
1/(mgecé/e). | Al lengths are scaled by the rf wave-
length, potentials by 1/(mgc</e), and electric fields
oy rf wavelength/(moczle). The result 1s that the
user's input gata define the system of units.

we assumed a uniformly filled, ellipsoidal charge
distribution for calculating tne space-charge defocus-
ing force. We also approximated the form factor as

f{length/wiatn) = width/(3xlength) {Ref. 1 -and 2)., (7)

Utner space-charge models can be substituted in the
program in place of this model.

Examples

We 1llustrate the code by designing (using dif-
ferent criteria) a single cell for an RFQ. A complete
gesiyn is an extcnsion to ‘he design of a single cell,
anu tnis procedure is automated in the program RFQDES.
All cases presented are designed for a 1.G-MeV proton
beam in a 425-MHz RFQ, We definc the maximum electric
ticia on the RFQ vanes in terms of the Kilpatrick cri-
terion® (19.Y x 100 V/M at 425 Miz).

The first two runs given in table I show the
effect on the beam-current 1imit obtained in raising
the maxtium electric field from 2 to 3 tiwes Kilpa-
trick.  Tre normalized acceptance for both cases was
2 x 1u-On weraa, with the beam contained in a total
normalizea emittance of 1.0 x 10=0a werad. The longi-
tudinal anu transverse space~charge p's were fixed at
U.84 in both cases. For Case 1, the current was maxie-
mized, while the acnelarating gradient was only weakly
optunized.  The accelerating gradient for Case 2 was
fixed to tnat ovtained for Case 1 (30 kV/cell), The
current limit ovtained for Case 1 was 0,060 A and for
Case ¢ was 0.208 A,

TABLE 1

There are two reasons for the large increase in
current for the same emittance and acceptance. First,
the synchronous phase went from -21.8 to -41.3°, which
effectively doubles the beam length. Secondly, the in-
creased external electric field made the beam smaller
for the fixed emittance. Since the ratio of accep-
tance/emittance was fixed at 2, the RFQ vanes were
brought closer together. This reduced vane radius and
increased electric field increased the ponderomotive
focusing term (B in Ref. 1), which scales as electric-
field/minimum-vane-radius.

Cases 3 and 4 were the same as Case 1 except that
the maximum electric field was increased from 2 to 2
times the Kilpatrick field; all other physical parame-
ters were held fixed (that is, the same physical RFQ).
The Case 3 acceptance/emittance ratio was 2 (same as
Cases 1 and 2), whereas the Case 4 acceptance/emittance
ratio was 2.55, which gave the same emittance as Cases
1 and 2 (1.0 x 1067 merad). We see that the current
limit for Case 3 compared to Case 1 increased to
0.157 A, but the emittance grew to 1.28 x 10-6n merad.
The current in an emittance of 1.0 x 10-6x merad is
0.120 A (see Case 4), Case 4 should be contrasted with
Case 2.

Conclusion

The above example was meant to show a little of
the freedom we have to design RFQs using RFQDES. We
can conveniently try many different RFQ design ap-
proaches and 100k at various scaling laws. The code is
modular, internally well documented, and has a simple
data-flow structure (COMMON is not used). We can, with
minimum effort, modify the program as needs change.
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Tk 425<Mlz RFQ CELL FOR A 1-MeV PROTON UEAM

Kilpateick Curvent  Lmittance  Sync-Phase
(®)

y fjglqr QA) wwerad Modulation
2006400 0,00E-02  1.00E-06  «2,18E+01  1,53E+00
J.00E+00  2,00E-01  1.00L-06  ~4.13E+01  1,66E+00
J.00C+00 VL7601 1,206400 -5 T9E40Y 1536400
J.00E+00  1,206-01  1.00E-06  ~5,10E40) 1, 53400

Iarg-Current

Vane Phase Advance
Sym-Radius  Voltaye  Acceptance/ °
) (nQ _ (V)' Emitpancg T”““‘V“”senuiﬂﬂﬁifﬁﬂﬂﬁll
4.92L-03 1, 248404 2. Q0E+00 1. 35E+01 1, 576401
2.756-03 1, \6E+05 2.00E+00 4.93E+01 2.336+01
492603 1,05L+00 2.,00E+00 1.226+01 2.796+01
4,926-03  1,85E+00 4, 55E4+00 1. 726401 2. 7960
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blockage), the resulting value not only falls below that for a' but
also out of the range of solutions given by the parabola.

The calculations above are representative of all runs for which
this ctechnique has been applied. The accelerational pressure change,
predicted based on homogeneous flow, is much higher than that which
actually occurs. This is consistent with the effects of slip as
discussed in Section III; the presence of slip causes friction to
represent a greater portion of the overall pressure change.

In order to apply the technique just described, it is necessary to
measure the drag on tha cylinder directly, eliminating the correction
for acceleration. This has been a standard type of measurement in wind
tunnel testing, and a proper technique could be pdapted to the present
case. Alternatively, a different technique must be developed for

measuring the phase dynamic pressures.
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APPENDIX A. Supplementary Derivations

Fanno Line Slope

Consider a compressible flow of uniform velocity, in an adiabatic

duct of’'constant cross-sectional area. The energy and continuity

3

equations are

ﬁ/
| d(h + w2/2) = 0 or dh = -wdw (Ala,b)
dw _ _do (Alc)
' w p
In addition, the Gibbs equation is
dh = Tds + vdP or dP = o(dh - Tds). (A2a,b)

The process can be considered as a sequence of two processes between the
same end states: a throttling process at constant enthalpy, followed by
an acceleration process at constant entropy. The pressure differential

then can be written as the sum of contributiomsdue to each process:
dP = (dP)  + (dP). (A3)

where the subscript denotes the property being held constant. Comparison

of Eq. (A3) with Eq. (A2b) gives the relation

dp_ = pdh, (Ada)
Substitution for dh from Eqs. (Alt) an! (Alc) yields

= wleo. (A4b)

Tho density differential can also be written in terms of two contributions.

Equation (A4b) is then
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dp dp
2] "s ‘hy  _
W [d_P_ * a‘»—} = L (A3)
s s

The speed of sound a 1is given by

dp
1 _ %y _ s
2 3P - dpP (AS)
a s s
and Eq. (AS) becomes
dp
M2 = _h 2 A7
1-M = (A7)
S
where M = w/a.
The quantity dph may be expanded:
= \a—p = !’-_1_3!
doy, 35| 9Py 5 35| |9Ph
h v h
Hence, Eq. (A7) becomes
Lo . Lo S (A8)
2 3P dP
v h 3

If both sides of this equation are multiplied by av/9P s the result is

v
AP

3P

ap_
S

l-M2 - “fav
h

Fp_h , (A9)
S

The quantity ¥y will “e defined

;o= | Jav (A10)
aP|h oP S
and hence the ratio of the pressure change due to dissipation (dPh) and

that due to acceleration (dPs), from Eq. (A9), becomes
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dp
EFE - l:%r ) (A11)
s Y™

From Eqs. (A2a) and (A3) the following relationship is obtained directly

dPh _ Tds )
ol ) (A12)

which givesthe Fanno line slope:

Tds 1-M
LR [—] (A13)

1. Special case: Ideal gas

Equation (Al0) is equivalent to the form

3.
3P

ap

——

: (A14)

L]

h s.

The denominator is just 1/a2, where

c ‘
a=/§m (A15)

v

for an ‘deal gas. The numerator may be obtained from the ideal gas

equation of state,
P = pRT (Al5a)

since constant enthalpy implies constant temperatures in this case.

Herce:
.al = a_p -] —1—-
14 I oP T RT (Al5b)



and Eq. (Al4) becomes

Cc
Y = EE" (A16)
Vv

2. Special case: Homogeneous two-phase mixture

The quantity Y 1is given by Eq. (A10)'in the general form

~ v // dvi
P, P (A17)
Transformation of the numerator, using Jacobians, to independent
variables (P,s) results in
Y s {ap 3s as |, 3P } // {as 3P } (A172)
5 P | S P [
- ov| 3dh oV
-, 8}/ )
P ] s
The additional expressions will be used:
?h
3P = v, (Al8a)
s
%% S T J? (A18b)
S a Ve
v
I - Vfg/hfg . (Al8c)
The quantity y is then expressed in the convenient form:
2 V¢ Ve 32
; = 1+v¢ ..__g. = 1+-—g--——-. (Alg)
ch v h
fg fg
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Governing Equations Including Phase Potential Energy

The governing equations for two-phase flow derived in Section II
will be modified to include the patential energy of the horizontal flow.
This was discussed very briefly in the text as a basis for introducing
the Froude number,

Potential energy is important in two-phase flow when the average
heights of each phase, measured from a convenient datum, are not equal
in a given cross section of pipe. In a homogeneous pnase arrangement
irrespective of slip, these heights are equal and correspond to the
center line of the pipe. They are not equal in a non-homogeneous
arrangement with one phase predominantly present in the upper or lower
portion of the cross-section. In the most general case, this is repre-
sented by a continuous density gradient. The simplest case is a
completely stratified flow with a separate vapor layer above the liquid,
euch phase moving at a different velocity. The equations will be written,
in general, by introducing the average phase heights, yp. .n cases when
the flow 1s not stratified the potential energy terms become negligible
compared to the kinetic energy and the equations properly describe the
flow as given previously.

The difference in potential energy between phases resulting from
flow stratification also gives rise to a difference between the average
pressures of each phase. The assumption of uniform temperature will be
maintained at this point, but will be discussed ir. more detail once the
basic equations have been derived.

The effect of surface tension will also produce a pressure difference

between phases. Such an effect occurs on a length scale much smaller
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than that experienced with the type of flow being considered, except in
the case of extremely small droplets and bubbles, and will not be considered.
Based on the remarks above, the phase conservation equations will be

rewritten. The continuity equation remains unchanged and is given by

¢d(xp) = d(ppwpﬂp) (A20)

or

wxp a ppwpap. (A21)

The energy balance is given, in a form analogous to Eq. (9),
i(x_+dx ) {(h +dh +ul ed(w? ) + g(y_+dy)) (A22)
P p P p P/2 "p/2 P P
- mx_{h w? +gy_} - hdx_{h +w? + gy.}
P P p/2°%p p- i i/2 i
e qu_dz -1, L.dzw,
i ipiiTi

where g 1is the gravitational acceleration and Yp and Yy are the
average height of the phase and the height of the interface, respectively.
The introduction of Yy reflects the fact that mass crosses the phase
boundary with a potential energy corresponding to the actual height of the
interface. The total change in potential energy occurring with the
transferred mass is hence apportioned properly to each phase, as with the
interface velocity and corresponding kinetic energy.

When Eq. (A22) is expanded and simplified the result is
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)] E;-{x (h +w /,+gy )} = qP - Tlpwi + Y E;R-{h +w /2+gy }.

The sum of the equation for the phases yields

2 2
d{x(hg+wg/2+gyg) + (1-x) (hf"'wf/z"'g}’f)} =0
or
d(ho) = 0.
A center of mass height may be defined
Yem = XYy + (1-X)yg.

The stagnation enthalpy is then

_ 2
h0 =h-« “rms/2 * &eme

The phase momentum equation is given by

_ - —R +_ —2
v di (i) = =2 5 TP" oY a; A

(A23)

(A24)

(A25)

(A26)

(A27)

(A28)

which is derived in exactly the same way as Eq. (39) and is identical

except that pressures of the individual phases will be distinguished by

a subscript, since in gcneral they will not be ocgnal., Summation of

Eq. (Al8) for both phases yields

dp dp
¥ i_ {xwo + (L-x)we} = -a By L7 7

dz B dz dz v i

(A29)
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When the phase pressures are the same, this equation becomes

d dp — —_
‘,’;"E‘{Hcm}“ug"‘fgw*'rfw

as obtained previously.

The phase Gibbs equation is just

dap
dh =T ds + —E .
P P A

When this is combined with the phase momentum and energy equations

(Eq. (A28) and (A23)) the result is

ds
Py - oz z - z
Y {T' di} B * TipMp ™) * Tuphp

dx
v =% (n
d:

+

i-hp)

v,
i i/2 "p/2

+

9:2
v = 8ly;-¥p)

+

,
v (w_=w,)w
dz p i'p

+

dy
-vxg-L
P 43

(A30)

(A32)

(A32a)

This equation is analogous to [q. (43), and includes the difference in

potential energy between the mass cntering and that of the phase. The last
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term expresses the change in height of the phase and the resulting con-
tribution of the potential energy change to the phase entropy change.

The velocity terms may be combined here also to produce the term
(w_-w,)%/2 (A32b)
p 1" "7

end hence an equation analogous to Eq. (46).
When the phase Gibbs free energy gp is introduced and Eq. (A32a)

is summed for both phases, the result is

ds _ — - -
T ;§-= ngwg + ti(wg—wf) +* wawf (A33)
dx , 0 ©
+ v —{g-s_}
dz £7g
dx dx
¢ P — (w -w )W+ p —=— (w,-w)w
az 8 178 T4y 1 Ef
dy dy
- v xg =% - y(1-x)g —=
dz dz
where, in general,
g2 =g +wl, +gy. (A34)
P P EB/2 P

Equation (A33) is analogous to Eq. (48). The additional terms gdyp
represent the changes in potential energy of the individual phases. By
combining all velocity terms on the right-hand side of (Eq. A33), the

equation may be written as
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ds

YT ;E-= T'g“h + ti(ng-wf) + wa"f (A35)
dy dy
+ ¥ 9—’_5 {sg-sé} -V xg —_3 - v(1-x)g —:£
dz dz dz
where
2
gé gp - ("p-wi) /2 + gyp. (A36)

The definitions of g; and gl; may be modified by introducing the

interface property By» in addition to Wy and Yy In this case the

former definitions become

o, - 2 2 -
sp (gp gi) + ("p/z““i/z) + z(yp "1) (A37a,b)

8y = (g,8,) - (0m4)/2 « g0r,y).

The additional terms simply cancel in Eqs. (A35) and (A33). The quaatity
8y represents the free energy of mass entering a phase at the inter-
mediate interface state., It is also equal to the free energy of either
individual phase at the interface, since equilibrium and saturation con-
ditions exist at this point. It will be demonstrated shortly that the
phases at other lucations may not be at satu.ation conditions.

In order to understand the role of the kinetic and potential
energy terms in relation to the free energy, consider the special case
of a two-phase flow which is completely stratified, with vapor alone in

the top portion of the cross section, liquid alone in the bottom. The
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difference between free energy of either phase and free energy at the

interface may be calculated from the equation

dg s -8dT «+ dTP- . (ASB)

The difference in pressure between the interface and the average height

of the phase is given by

P ~-P, = | dP = -I dy = -y.). A39
p " Py I P,8dY = P 8(y;-Yp) (A39)
Hence, for a uniform temperature we have

P

The gravitational terms in Eqs. (A37a,b) correspond directly to a differ-

ence between interface and phase free energics due to a difference in

. pressure. By unalogy the kinetic energy terms may correspond to a free

energy difference due to a temperature difference, although it is not

clear whether the relative or absolute difference is the proper quantity.
For present purposes, the former will be assumed, since this results
from the combination of all terms involving ¢ dx. Hence, the foilowing

condition may be written:

B, - 8 = (w2 - BU,ey) (A1)

which corresponds to phase "equilibrium" in the presence of diffurences in

kinetic and potential energy, since it results in the elimination of
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entropy production associated with the mass transfer process. It also
indicates the existence of a temperature difference between phases in a
two-phase system whenever a velocity difference exists, in addition to the
pressure difference due to individual phase heights. When the condition
of Eq. (A41) 1is satisfied the dissipation equation becomes

ds dy dy

VT == T, v * ?1(wg-wi) + T, W - bxg —£ - y(-x)g _:£ . (A42)

dz M f dz dz

If the differences in pressure and temperature are neglected, the

phase free energies may be set equal:

8, = 8¢ (A43a)

If, in addition, the interface velncity is assumed to be the average of

the phase velocities

W, =W (Ad43b)

then the dissipation equation becomes

T 98 .7 w + 7T (W-wg) +T_ w,-g Yen (A44)
43 g g iYg 'f we £ ds

where Yem is the center of mass of the flow defined by Eq. (A26). The

above equation is most convenient for use with the one-dimensional,

two-fluid equations,
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APPENDIX B. Description of the Experimental Facility, Calibration,
and Measurement Procedure

The research facility which has been constructed is a highly
versatile one, allowing the study and analysis of a wide variety of
phenomena involving the flow of a fluid at or near its saturation point
as well as in the two-phase region. The design and construction of the
facility required approximately two years. The detailed decisions
involved in that process have been presented in a previous report [40],
which should be considered as part of fhe present dissertation. The
object of this appendix it to provide a summary description of the final
configuration of the apparatus and the techniques used for the basic
measurements presented in Section IV. Both apparatus and techniques
were finalized after a period of trial runs. The versatility of the
facility will allow many measurements in the future such as those appro-
priate for investigations of turbulence or choking in two-phace flow,
and vertical flow.

An important feature of the facility, setting it apart from others,
is that it is dedicated to two-phase flow of a single substance as
opposed to the case of two-substance, two-phase flow (i.e., thc flow of
air and water). The fluid used is dichlorotetrafluorocthane (designated
Refrigerant-114 or simply, R-114); this allows two-phuse experiments to
be carried out at manageable temperatures and pressures, namely, between
0 and 60°C and up to 10 bar, with the proper similarity relationships to

various othcr cases of practical interest involving different fluids.

Physical Arrangement and Operation

A simplified schematic diagram of the system is given in Fig. Bl,
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which shows only the main fluid path; auxiliary piping and control
systems have been omitted for the sake of clarity. The main circuit
consists of the vessels A, B, C and D, and the piping inaicated by
solid lines. The componerits are arranged in a closed loop containing
only R-114 in either its liquid or vapor state. When the system is not
in operation, the bulk of the R-114 is stored in tank (D) as a saturated
liquid at room tempe: ture, with vapor occupying the rest of the system.

The system opera.cs in a "blowdown,'" or intermittent mode rather
than as a continuous, steady-state loop. A typical experimental run
lasts approximately three minutes, with about three hours required for
preparation between runs.

At the beginning of a run, liquid is pumped from the storage tank
(D) to the accumulator tank (A) and the booster tank (F), and is heated
to the desived initial conditions by means of electric immersion heaters
(H). Since the tanks contain saturated liquid and vapor, the pressure is
adjusted solely by setting the fluid temperature by mcans of the heaters.
The run is started by opening the isolation valves (IV). Liquid then
flows from the accumulator (A) through a venturi flow meter (V) and en-
ters the test section (T). The function of the booster tank (B) is to
provide superheated vapor to the accumulator (A) through a pressure recgu-
lating valve (PR). This will condense very slowly rnd maintain a prede-
termined accumulator pressure and thus compressed liquid in the accumula-
tor. Mecasurements ure carried out in the test soction (T) as the flow
develops from singie-phase to two-phuse because of throttling und pres-
suro losses. The mixturc is converted back to the liquid phase in the
condenser (C) and finally collects in the storage (or 'dump') tank (D).

The condensor 1s cooled by a mevhanol-water solution (shown in the
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diagram by dashed lines) from a cold storage tank (CS) which is main-
tained at a predetermined temperature (approximatel& ~-20°C) by a standard
refrigeration chiller (CH). The chiller uses city water as its iieat
sink.

The compréssed liquid working fluid, clos:c to saturation, enters
the 2 inch diameter test section from a larger diameter settling chamber.
Two-phase flow is produced in the test section by the natural decrease
in pressure due to friction, or by an orifice plate if more throttling
is required. Temperature and differential pressure measurements are
taken at successive stations along the t..5t section. Tha en:ire 2 inch
diameter portion is transparent Pyrex glass, thus allowing direct obser-
vation of the flow. The flow rate and conditions in the test section
are controlled by the size of the orifice and the setting of the gate
valve. Finally, the fluid passes through a diffuser and into a retura
pipe which leads to the condenser.

The facility occubies portions of the basement and first floor of

the laboratory. Plan views and a section are given in Fig. B2fa) and

B2(b).

Test Section

A schematic of the test séction is shown in Fig. B3. The test
section proper is located between two isolation valves. With the excep-
tion of mass flow rato, all experimental measurements and observations
are made between these two valves. They are of che butterfly type and
are pneumatically controlled for fast operation either by hand or auto-
matically by the computer. The valves are alwaye cither fully open or

closed and are not used to condition the flow in the test section in any
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way. <he upstream valve isolates the settling chamber from the pipe
leading from the venturi flow meter, whereas the downstream valve
isolates the diffuser from the return pipe and th: condenser.

The settling chamber has a 5 inch diameter. An insert of machined
plastic (Delrin), provides a smooth transition to the 2 inch diameter
glass portion of the test section, consisting of a series of tubes of
various lengths conrected tc one another by means of clamps fitted at
flanged ends. 7 :ngths range from 1 ft to 4 ft, with 4 ft between
the primary mza:. stations.

At the end of the test section a gate valve and diffuser are
connected to the condenser by means of the return pipe. The diffuser
provides an expansion in diame'>r from 2 inches to 5 inches.

The settling chamber and the fixed support mentiored above are
mounted on a 6 inch square aluminum I-beam which runs the full length of
the test section. Thé glass sections are supported on this beam by
adjustable stands which clamp onto the beam and allow alignment of the
glass. The test section is supported separately and connected properly
to other piping to eliminate vibration. The total length of the
transparent section is 24 ft.

Pressure and temperature transducers are accommodated along the
test sectlon in special fittings: Delrin inserts fit between the ends
of the glass sections and have an inside diameter matching that of the
glass pipe.

Pressuro transducers are connectod by plastic tubing to a brass
fitt .ng which scrows into a well in the insert, with a small hole con-
necting the well to the inside wall of the insert. Hence, static pres-

sure is measured at the wall. Both absolute and differential transducers
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are connected using this arrangement.

Temperature probes are mounted in a brass fitting which screws into
the insert and allows the probe to be positioned radially.

A temperature and absolute pressure transducer are connected
similarly at the settling chamter, with fittings screwed into the steel
pipe wall,

Flow control for the test section is accomplished by four devices:
a throttle plate, a throttle vaive, and two isolation valves. The
latter are used only as shut-off valveé, as mentioned above.

The throttl: plate is an aluminum disc with a number of holes
drilled to provide a specified total flow area. The disc is clamped in
an aluminum holder which fits between two glass sections, in the same
manner as the Delrin inserts. Control of the flow is accomplished by
causing the liquid to choke at the plate. In this way, the fiow rate
can be held nearly constant during the run, regardless of changes whict.
occur in the flow further downstream. The downstream gate valve is
adjusted to control the amount of flashing and the type of flow which
occurs in the test sec.ion, without changing the mass flow rate. Also,
the pressure in the diffuser is maintained sufficiently low (by the oper-
ation of the condenser) so that the two-phase flow in the test section is
choked at the gate valve. Thus, conditions in the test section can be
held constant during a run, despite changes which occur in other parts of
the system, since the flow ocrurs between two choked cross sections.

With a throttle plato of a given flow arca the mass flow rate canbe
adjusted over a limited range by adjusting the pressure in the accumula-
tor tank. If a larger variation is required, a plate with a different

flow area ls used. The applied boost is the pressure applied to the
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accumulator above the saturation pressure in that tank. The principle
of choked liquid flow has been examined in detail and is the subject of
a forthcoming report [41].

Some specific characteristics of the test section are illustrated
in Fig. B3 and should be noted.

The throttling plate has a total flow area which is determined as
outlined above. This flow area is composed of 41 small holes arranged
symmetrically in the plate, with a totual area corresponding to a single
opening of diameter 0.5 inch. It was determined ™at this number of
holes, in conjunction with the 6 ft length before the first measuring
station, produced a jet which was dispersed sufficiently to not affect
flow in thev measuring portion of the test section. A fully developed
flow is thus produced before the first measuring point.

The orifice essentially simulates the friction effect which a much
longer section of constant area pipe would have, and allows conditions
to be produced in the measuring section which would eiist at various
locationslalong a pipe of much greater length. The various '"locations"
are produced by changing the setting of the gate valve to produce more
or less flashing immediately following the orifice plate.

Temperature measurements are taken directly by the temperature
probes placed as shown in Fig. B3, Differential pressure measurements
are taken across each of the 4 ft sections by actually placing differen-
tial pressure transducers between the test section and a reference pres-
sure line filled with hydraulic oil, and then calculating the difference
between these measurements, This technique is used since connecting the
differentlal transducers directly between stations created lcag sections

of tubing, filled with freon which could change phase du-ing a run,



creating arbitrary, indeterminable pressure fluctuations due to gravity.
The reference system allows use of an incompressible liquid in the long
sections of tubing, with very short sections connected to the test sec-
tion. The pressure in the reference line adjusts automatically tc a
proper value (assuring that all AP transducers will be within range)
since it is exposed to a pressure at the first measuring station by
means of an interface system. The interface consists of a small "U"
tube with mercury in its base and oil and freon vapor on opposite sides.
The U tube (or '"surge pot'") is heated fo prevent freon inside from
changing phase as the pressure fluctuates in the test section. The mass
of mercury in the U tube, along with a small air bubble placed at each
transducer on the reference side produces a damping effect sufficient to

render the reference pressure essentially constant during a run.

Monitoring and Control Instrumentation

During the time the facility is idle, conditions throughcut the
system are continuously monitored by the computer-controller, a Hewlett-
Packard HP-85 desk-top model. This machine is programmed to take action
to maintain certain conditions, e.g., operation of the chiller to
maintain the cold storage tank at the desired temperature.

During the time the systeﬁ is being prepared for a test run, the
preparation procedurc is monitored znd controlled by the same computer
so that once the dosired starting time for the run has been entered into
the computer by the operator, all of the required steps will be initiated
and controlied automatically (operation of valves, heaters, etc.) assur-
ing that the system will be rcady for a run at the prescribed time.

The link between the controller (11P-85) and the physical system is
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provided by the HP-IB "Interface Bus'" with the Hewlett-Packard Mul.i-
Programmer. These devices allow the computer to read a number of instru-
ments and take action, i.e., operate equipment, by switching relays.

There are two types of measurements taken for automatic control and
monitoring purposes: tank temperatures and liquid levels. Temperatures
are measured using thermictors attached to the exterior wall of the tank,
beneath the insulation. These are located on each of the tanks in the
system, including the methanol cold storage tank. Liquid levels are
determined by reading differential pressure transducers connected across
the top and bottom of the tank to sense hydrostatic pressure, and hence
liquid level.

In addition to the above, visual monitoring of temperatures,
pressures, and liquid levels is possible, when needed, using standard

mercury-in-glass thermometers, dial pressure gauges, and sight glasscs.

Data Acquisition lnstrumentation

The instrumentation for the experimental measurements consists of
thrce types of sensors: temperature, absolute pressurc, and differen-
tial pressure. The sensors are of the same basic tyres as used for the
monitoring mecasurcments, tut are calibrated and mou..~d "o as to produce
the highest accuracy possible.

Although not located in the test section prcper, the venturi mcter
allows mcisuremcat of flow ratc by mecans of a differential pressure
transducer conuccted between its inlct and throat sections. Details on
the tost scction instrumentation and the venturi arc given later in this

appendix.
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When preparation for a test run has been completed, measurements are
taken in the test section using tiie controller (HP-85). The computer
scans all instruments in the test sectior, and the venturi, at predeter-
mined time intervals (approximately l.sec). It is also programmed to
control the test run by operating the isolation valves, gate valve,
pressure regulating valve and condenser, |

Data collected during a test run are stored in the memory of the
HP-85 in real time. At the end of the fﬁhi the data are transcribed on
tape and can be printed in raw form directly, i.e., voltage measurements
from each instrument as read in each scan, or in reduced form in units
of temperature, pressure, and mass flow rate.

Lastly, a set of programs has been developed to provide additional
data reduction and graphic display for calculations made from the
measurements, such as values for density ratios, Mach numbers, etc,

Since the ftacility was designed as an intermitt.nt onc with running
times of one-half to three minutes, it 1s clear that for all opcrations
of the facility including the acquisition of data and the running of
the experiment, automation was highly desirable, if not an absolute
necessity, After investigating a number of options, the Hewlett-Pachard
HP-85 computer was chosen as the basic controller for the system. This
not only satisfied requir:ments for control and data acquisition, but
also made available a reasonably powerful computer for data evaluation

\
and theoreticu) studies. .

Measurement for Experimental Data

1. Temperature Measurcment

The sensors selected for measuring temperature were thermistors, a

semiconductor material having a resistance which is sensitive to
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temperature. The dependence of the resistance on temperature is given

by

o(T) = ae BT, (B1)

where T is the absolute temperature and the constants o and B8
depend on the matexial. A known current pulse is passed through the
thermistor and ¢ is a voltage measured as a function of temperature.

The specific thermistors were selected based on their sensitivity
over the required temperature range and an output which is compatible
with the A to D voltage conversion equipment. The manufacturer's speci-
fications were used for the selection process. A method for mounting
was designed and implemented, and calibrations were then carried out for
each thermistor.

Becuuse of the wey the thermistor had to be mounted (i.e., in a
fluid fiow, and aiong the radius of a circular cross section), the type
selected was t glass-coatced bead with adjacent leads. This allowed the
thermistor to be mounted as shown in Fig. B4, with the leads passing
through a scaled tube. The tube is held in a fitting attached to a
Delrin pipe insert and allows the tube to be positioned radially 2and
locked in place.

Thermistors with resistance valucs at 25°C of either 1 k@l or 2 ki
are presently in use., With an applied measuring current of 200 uA, the
resulting voltage 1s between 0 and 1V over the calibration temperature
range of 0 to 30°C. The 1 ki thermistors allow temperatures lower than

0°C to be measurcd when needed, without exceeding 1 V output of the

A-D) converter.
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Calibration of the temperature transducers was carried out using a
heated, thermostatically-controlled water bath. Points were taken at
approximately 3°C intervals over the calibration range. A computer pro-
gram has been written which allows the HP-85 to read the transducer
output voltage at each point. The corresponding temperatures, read on a
precision mercury-in-glass thermometer with increments of 0.1°C, are
provided by the operator. The computer then correlates the data for
¢(T) wusing a least-squares analysis. The form of the correlating equa-

tion is obtained from the resistance equation above as

1 _
2= A+Bng, (82)
where
Aei2 o oLa-l (B3)
B B

A sample correlation is given in i‘ig. d45, showing the input data,
resultine correlation equation, standard deviation, and Jeviation of data

from the smooth curve.

2. Absolute and Differential Pressure Measurement

The type of probe sclected for measuring absolute and differcntial
pressure is an integrated circuit pressure trnnsduceérwhich provides a
voltage output that is lincar with the applied pressure or pressure dif-
ference. The transducer consists of a single-crystal silicon sensor and

circvit elements mounted in u ceramic housing. Attached directly to the
v

*Supplier: SenSyn Company, Sunnyvale, Californid. Formerly National

Semiconductor.
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housing are ports of hrass tubing for connection to the pressure source,
and electrical connections for a 15-volt excitation signal and output
voltage. For this application, it was decided to mount the transducer in
a metal box, as shown in Fig. B6, which allows the transducer to be iso-
lated from stress created by the external tubing and electrical connections.
The differential pressure transducers selected have a range of
AP = -5 to +5 lbf/in2 (-30 to +30 kPa) with a voltage output in the
range 0 to 12 volts, and an offset of approximately 7 V when AP = 0.
Calibration is performed over the range -30 to O kPa by the use of
a program on the HP-85 similar to that used in the temperature probe
calibrations. In this case, the Jow pressurc port of the transducer is
left open to the atmosphere, and a controlled vacuum is applied to the
high pressure port in .ncrements of approximately 7 kPa, as read by the
operator on a mercury manomecter, accurate to 0.1 mm Hg. Thus, the trans-
ducer output is kept in the range ¢ = 0-7 V. The function P(¢) |is

corrclated by a lecast-squarcs analysis to an equation of the form
P(¢) = A ~ B¢, (B4)

A sample _orreclation is shown in Fig. B7. The units of pressure
arc mbar, converted from mm Hg by the computor.

Tho absolute pressure transducers used have a range of
0-60 lbflln2 (0-4 bar). Co'ibration is accomplishe! by applylng a known
pressure to the transducer, as read using a precision bourdon type pres-
sure guuge with increments of 0.1 lhf/lnz. The data is correlated using
the same computer program as the differential transducer, and the form of

the correlatiag equation ix the same.
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3. Mass Flow Rate Measurement

The flow rate is measured by means of a venturi meter which determines
mass flow rate by meusuring ths change in pressure as a flow of liquid
passes through a contraction, or throat section. Because of a number of -
special requirements of this meter, since the fluid is close to satura-
tion, it was decided to design and fabricate the venturi rather than
purchase a standard instrument.

The meter consists of an outer tube -and flanges made of stainless
steel which fit betwzen aljacent pipe flanges in a conventional manner.
The throat section is machined from Delrin, and slides into the outer
tube. It is held in place by means of two end plates. Sealing, both
internally around the throat pressure chamber and externally at the
flanges, is accomplished using O-rings. A drawing of the outer tube and
insert is given in Fig, B8. There arc three interchangcable throat sec-
tions, allowing a flow mcasurement range of about 1 to 21 kg/s, corre-
sponding to a tcst scction mass flux of roughly 400 to 10,000 kg/mz-s,
with throat diameters of 3/4, 1-1/4 und 2 inches.

Mecasurcment of AP at the meter is wccomplished using a differential
pressure transducer of the type discussed carlicr, except mounted in a
zine housing (as supplicd). It is bolted to a vibration isolator at the
venturl and connected by the necessary fittings and valves, The inlet
pressurce tap ls located In the upstream pipe section rather than the
venturl unit itself, A temperature probe, of the type discussed curlier,
is located at the same position for accurate determination of the fluld

density,

Mass flow rate & Iy calculated from the equation
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2
A 1/2
& = (208P) 12 Ai/[—;- -1] , (BS)
A
t

LY
as derived from Bernoulli's equation. The quantities p, AP, Ai‘

A, are the fluid density, measured pressure difference between inlet
and throat, inlet area and throat area, respectively.

The accuracy of the venturi was ciecked by directl; measuring
the quantity of fluid which leaves the accumulator tank in a given time
period and comparing this to the flow rate measured by the venturi.
Calibration data for venturi throat sectioms® rnd 2, which cover the
range of mass flow rate used in the experiments, are given in Figs. B9(a)
and B9(b). Mass flow rate measured by the venturi is plotted against the
known calculated flow rate. The straight reference lines are lines of
equality between these two quantitics.

No correction factor on the standard venturi flow equation above

has been found necessary, to an accuracy of approximately 25%.
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Facility Operation and Measurement Procedure

The process of preparing for an experimental run is always the same,
and is controlled by computer program which allows a set of predetermined
starting conditions to be attained in the system without manual interven-
tion. Once these have been reached, the system will automatically
maintain such conditions until the operator decides to begin the run,
when he enters a run 'control program." Using the control program,
the computer operates the system and takes data based on a set of pre-
determined, timed actions for controlling the flow and reading the
instruments. The waiting period betweean run preparation and actually
starting the test section flow allows very stable conditions to be
reached in each part of the system and steady conditions are achieved
quickly. The fact that both run preparation and execution are automated
allows procedures to be Jeveloped and optimized beforehand, and then
assures their precise performance. This eliminates operating inconsis-
tencies and possible errors resulting from manual operation. It also
allows the operator to monitor measuiring systems and observe the flow
without being concerned about the instantancous mechan‘cs of the process.

The run control program has been written in three versions. The
tpe of data required determines the version which is used. A few
common features of these programs will be presented betfore considering
their individual details.

The gate valve is first opened to a position selected according to
the amount of flushing desired for the run and the accumulator pressure
is increcased using the booster. Ligquid is then allowed to enter the test
scection slowly, through small diameter tubing which bypasses the inlet

isolation vulve, until the tese section is half full, At this time the
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liquid level just covers the thermistor beads and is just below the
pressure transducer ports. After a waiting period for equilibrium to be
reached, a set of eijht scans are taken. A '"scan' consists of one meas-
urement from each instrument. With uniform pressure at saturation con-
ditions in the test section, the temperature at the liquid surface will

be uniform. Similarly, the difference between test section pressure and
reference line pressure will be the same at each measuring station.
Pressure difference across the venturi pressure transducer will be zero
since no flow exists. These measurements are used for checking consis-
tency between individual temperature and pressure probes, and to provide

a reference or 'zero" for each probe under known conditions. A correction
is applied to all later measurements in a run Based on comparison of
average readings over four scans. A total of eight are taken to detect
any trend which may be present. Absolute pressure and temperature are
checked against the known relation:hip for the fluid at saturation. In
addition to calibration, these procedures allow for detection of a problem
with any instrument before another run is performed.

Following the referencing procedure, liquid again is allowed to enter
the test soction slowly until it is full. The methanol pump is then
started to reduce the dump tank pressure. At tnat time flow through the
test scction is start:d by opening both isolatlon valves simultancously.
After a waiting time for the flow to stabilize, a number of measurement
scans are carricd out, tho exact procedure depending on the particular
control program. A description of the procedures is given on the pages

that follow.
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Procedure 1

This program initially sets the gate valve to a position
nearly fully open or fully closed. The valve is then opened or closed
continuously while a block of scans is taken. In this way a sequence
of two-phase flow conditions is produced in the test section in a
single run. When measurements are completed, thr» inlet isoiation valve
is closed. Once the tes. section has emptied, che outlet isolation

valve is closed and the gate valve reset to closed position.

Procedure 2

The second version of the control program :>cts the gate valve to a
particular position, and this position remains fixed while measurements
are taken. A range of flow regimes is examined by setting the valve
differently for successive runs. Mcasurcments for versions 1 and 2 showed
no difference, indicating thut the flow stabilize: quickly under all con-
ditions. For some runs version 2 was modified slightly to include a
measurcment of void fraction. After the main block of scans were taken,
a void fraction probc was inserted, and another set of scans made.
Comparison between the two sets give a measuremurt of void fraction.
Dotails are given in Section III. At the eid ~f the run, thc isolation
valves aro closed simultancously, and the averu; e vold fraction s
measurdd directly by moasuring the liquid level, and hence the vapor

volume fraction, nfter applying the proper cerrections.

Procedure 3
This version of the control program is a variation of version 1,

producing a set of different test section conditions in a single run.
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However, the gate valve setting is not changed while measurements are

taken. Instead, four blocks of scans are taken. Between each block the
isolation valves are closed simultaneously and the gate valve is reposi-
tioned. Each time, a waiting period is incorporated between opening the

valves (starting the flow) and the start of the measurements.

For runs conducted on the basis of each of the control programs
outiined above, subsequent calculations are based on time-averaged data,
that is on data averaged over a number of scans. The exception is
Procedure 1, where individual scans must be used since conditions vary
continuously.

Three series of experimental data were taken. A list of the runs
and additional data are provided in the tables. The experimental

results are discussed in Section 1V.
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APPENDIX C. Correlation and Measurement Comparison

The correlation proposed by Lockhart and Martinelli [3] was dis-
cussed briefly in the Introduction with relation to other work, past
and present, in two-phase flow. It will be compared here to measure-
ments using R-114 from this irsestigation and with some using R-12
performed by Friedel and Mayinger [3;].' The correlation predicts
friction pressure change and void fraction. It was obtained based on
measurements with two-substance flows using mixtures of air with
various liquids, including water and oil. The friction and total
pressure change are identical in most such cases since significant
acceleration does not occur. The technique was extended to single-
substance, evaporating flows in a paper by Martinelll and Nelson [4].
It was assumed that the friction pressure change would be ossentially
the same as for non-evaporating flow and the total could be obtained
by adding the acceleration or "momentum" pressure change required if
evaporation occurs. Calculation of this effect requires additional
information for slip, or equivalently void fraction. 7Tn [4] the phase
velocities were calculated both by assuming "no slip" and from the
correlation for void fraction Of course the latter is then also
assumed to be the same for an evaporating flow. For prescnt purposes
experimental datn will bo compared to the corrclated friction prnssure
change alone, since this is the basis of both papers mentioned above
and represents the lower limit for predicted pressure gradlent.

The independent variable selected for the correlation and denoted

by X 1is the square root of the ratio of the liquid "superficlal"
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pressure gradient to that of the vapor. Each is calculated for the
phase flowing alone in the pipe at the same mass flow rate as that
phase in the two-phase mixture. The corresponding velocity has since
been labeled in the literature as the '"'superficial' phase velocity. It

will be denoted here, in general, for phase 'p" as

= Cl
wsp xpw/op (C1)

where ¢ 1is the total mass flux or '"mass velocity' of the two-phase
flow. The variable X will be denoted by XM so that it is distinct

from the dryness fraction x. The ratio is then

2
XM = (dP/dz)sf/(dP/dz)sg. (c2)

If the friction factor is expressed in the Blasius form (Eq. 78) then

in general
"
% ¥
- —_— - C3
(dP/dz)sp . pp 7D (C3a)
where
Re = p W D/u_. (C3b
. /up )

The constants Cg and n were determined in [3] depending whether
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each phase flowed viscously or turbulently in the mixture (n = 1.0 or
0.2, respectively). Hence four different forms of XM were possitie.
In [4] only the case with both phases turbulent was considered, with
the exponent modified to n = (G.25. For this case, with vy = pf/pg,

u. 0,25 1.75
G =r D TED (c4)

which is the form that will be used here.
The independent variable for pressure change is the ratio of the

two-phase friction to the superficial liquid pressure gradient,
2
¢y, = (dP/dz)TPF/(dP/dz)sf. (C5)

Values of ¢, are given in [3] as a function of XM’ in tabular form.
An alternate independent variable ¢EO introduced in [4] is the sume
as ¢i from Eq. (C5) but with the denominator replaced by the pressure
gradient for liquid flow at the total two-phase mass flow rate. Then

in terms of °L‘
2 2 1.7%

The term (1-x) may be expressed in terms of Xy, and phuse propertics
using Eq. (C4).
If the two-phase friction pressure gradient is roplacod by the

total, then ¢?0 Is essentially the same as AP, introduced for the
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presentatibn of experimental data in Sec. IV. The only difference is
that for APR the liquid pressure gradient in the denominator is
calculated using liquid properties Me and pe at the flash tempera-
ture T* while for %0 properties at the two-phase temperature are
used. For the present experimental data with R-114, ¢§0 has been
obtained from APR by correcting for temperature based on the Blasius

form of friction factor. The correction becomes

. .25p
42 = apy [é] 3% . €7

The factor varies only between 1.0 and 0.97 over the experimental
tomperature range. Hence the correction is less than 3.0%

Experimentally detcrmined values of ¢Eo using the total pressure
change measurements from Series I, I1I, IIl1 are given in tig. Cl. The
Martinclli prediction [3] of friction alone for each series has been
shown as & solid line. The measurcments for Series I1 and 11T exhibit
the samc change in slope mentioned in Sec. IV.2. The slope increases
greatly as the flow pattern changes from stratified to 'homogeneous'.
This tronsition phenomenon was observod also in data for air-water
presentod in the discussion at the end of Ref. [3]. In that case, the
position of the change in slope variod if the water flow rate were
changod. This implies a change of Froud number. Data for Series 1
and that for Series 11 and 111 exhibit a definite symmetry. Each

appears to originate itrom a common line that is noarly horizontal
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close to ¢io n~ 2 but becomes steeper for smaller values of xM. The
position of the change in1 slope of the line in this case depends on both
Froude wnd Mach numbers. For the sir-water data just mentioned, larger
Fr moved the change in slope to higher values of ¢L0' but the data
continued to follow closely along the correlation curve. The horizontal
shift from Series II and III (Ma ~ 0.6) -to Series I (Ma ™~ 0.3) may be
basically a Mach number effect. Plofting this data as a function of

XM is essentially the same as plotting versus Vpo except XM

decreases as VR (or x) increases. Hence, the influence of Mach
number identifiod in Figs. 10 and 12 will be similar in Fig. C1 for

S ies II and III, and corresponds to the same type of horizontal

shift.

Shown in Fig. Cl is the range of friction pressure change
calculatod by Friedel and Mayinger [31] based on total pressure change
measusrcments using R-12 in a vertical 1 in. diameter tube. (Details
of the calculation were not provided in the paper.) The %o for
friction is larger for this data than for the total pucssure change
measurcments t~' en using R-114 with stratifiod flow at the same XM.
This observation aprees, at least qualitatively, with the discussion
of Sec. I11.1, It was ncted therc that horizontal stratified flow
would be expccted to give ¢ much weaker friction force at the inter-
face thun would be possibie in vertical flow. CGalculation of ¢i0
for friction alone from the Martinelli corrclation for R-i2 has been
shown +n Fig. C1 as a dashed linc, and for R-114 as just mentioned.

The correlation In cach case cxceeds nearly all of the experimental
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measurements, including the total pressure change from this investiga-
tion. The same has been observed [31] when steam-water duta (also
single-substance) is compared to the correlation.

The void fraction measurements for Series II and III are shown in
Fig. C2. This figure is essentially the same as Fig. 13 except the

coordinates are Xy and '"holdup" RL. In terms of void fraction a,

RL =] -a, (c8)

The correlation for RL is given in tabular form as a function of XM
in Ref. [3], and is shown in Fig. C2 as a solid line. The reference
lines for equal phase dynamic pressures (EDP) and equal phase
velocities (no slip, NS) are al:o shown. The measurements correspond
quite closely to the Ma.tinelli prediction, but in general tend to give
_higher values of RL (lower «). Within the accuracy of the measure-
ment, all points oxceed the correlation. This would be expected for
a1, evaporating versus non-evaporating flow. In the presence of an
overall acceleration the denser liquid phase will tend to be
accelerated less than the vapor, resulting in greator slip and hence
smaller vold fraction. This effect seems to be greater for smaller x
(larger XM). The description of the Froude number effect given pre-
viously for Fig. 13 also applies to Fig. C2.

A number of other correlations for vrid fraction have becn

compared and discussed in detail in a recent report [45].
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TABLE 1 BASIC PARAMETERS - DATA SERIES I, II, III
- — % 5 — % — % v
m(kg/s) Re /10 Fr Ma R Range
FT max. Range Range Range Range Ma  Range
2.28 1.70 1.2 .29 19 - 45
Series I 13 . —
T, = 25°C
i 2.23 - 2.34) 1.63 - 1.74] 1.1 -1.3 | .27 - .30 .50 - .84
5.00 3.72 5.8 .64 2-9
Series I1
- O~ 13 O ————————
TO = 25°C
4.64 - 5.53 3.45 - 4,08 5.0-17.1 .59 - .72 .63 - .9]
5.33 4.35 6.9 .56 3 -10
Series III
T, = 35°C 22 -
g L |
4.50 - 6.02 3.70 - 4.90 4.9 - 8.7 a6 - .63 .55 - .86

891



Tak:le 81 - Valve Pesiticns, Series 1

Throttle Valve Position (7 Open)
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Table B2 - Valve Positions, Series II
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e

Throttle Valve Position (% Open)

v 40 50 60 70 80
A A A j — i 1 []
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Table B2 ~ Valve Positicens, Series III

Throttle Valve Position (% Open)

lp 29 394» 59 5947 69 ZP 89 jﬁl 100 Pun
o ° ¢ 9/29A
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Table B4 - Data Series 1
Run m(kg/s) TO(OC) P€;§§§T°)Re*/m5 Fr* Ma* T(°0) %x VR Maa APR
£°18a 2.3i | 27.2 | 86.5 1.73 1.2 29 | 0.0 119.2 163,27 | .84 1} 215 -
5, 284 2.23 | z1.3 ] 83.5 1.67 1.2 .28 6.7 | 15.1 | 27.1 .61 1 12,2 -
7653 2.16 | 27.8 | 83.8 1.63 | 1.1 227 112 1 12.5 19.3 50 .79 1~
7/323 2.27 1 26.3 93.2 1.68 1,2 1 .29 | 5.3 ] 15.2 1 28,2 ! .66 12.6 —
7/13a 231 | 26.4 | 94.0 1.72 | 1.2 .30 1.6 | 17.7 ] 38.2 | .78 J172.2 |
7/138 2,301 27,7 1. 82.4 1,731 1.2 .28 0.0 | 19.6 ! 44,6 Jfig | 22,9 -
if1:a 2,271 21.3 89.0 1,7' | 1.2 28 5.4 15,9 30,0 .66 12.6 -
7/158 2.35 ) 26.2 |100.1 1 .1 1.3 .30 5.2 | 15.3 } 29.0 .68 | 12.0 -
7/16A 2.29 ] 26.0 | 94.8 1.0713 1.2 ] .30 ] s.0 3152 V2000 ) .67 V3.0 | T

LT



Table B5 - Data

Series I1

Run a(kg/s) IO(OC) P°?:Sa(;°)ae*/1o5 Fro Ma© T(°) Zx vr Ma, LPg a(Z)
!
9/22a 5.31 | 2 LJL‘Q:T! 395 | €5 ) 68 191 | sgal 7.34] .80 1 9,95 ) -
97233 5.45 ) 26.4 ] 38.9 | 4.05 6.9 .70 19.5 5.27] 6.77 .90 9.02 ] 67.6
3,238 5.3 | 26.3 | 35.7 | 3.99 6.7 .69 19.2 546 | 7.05] .90 9.71 | 67.9
9/2:) 5.39 | 26.4 ] 35.6 | 4.00 (.7 .69 9.3 5,461  7.03 90 9,70 | 68,1
9/27a 4.87 | 27.2 29.7 3.65 5.5 .61 22.9 3.37 4,29 21 2.35 28.5
a/27B 4.99 | 25.7 1 39.2 | 3.68 5.7 .65 23.7 1.66 | 2.58 .70 2.27 | 31.3
g27C 5.12 | 25.9 31.8 3.83 6.1 .65 21.1 4.55 5,73 .80 3.47 64.6
9728A 5.36 | 26.¢c | 37.0 | 3.6 6.6 .69 19.8 | 4,75 6.15 B7 2.53 ) 66,3
$/28C 5.53| 25.72 | 41.5 | «.08 7.1 .72 | 19.5 4.80 | 6.27 .91 8.69 | 70.9
10.05A 2,981 27.1 | 32.3 | 3.713 5.8 .63 23.4 293! 3.B1 2 2,54 |
1n/052 ©.85) 27.5 1 28.2 ]| 3.65 5.5 .50 ] 22.9 3.561 4501 .71 2.61 ] 61.8

g1



Table B5 - Data Series II (cont.)

Run z(kg/<) TO(OC) POEE;;§O)RC*/105 Fr* Ha* T(°0) ix VR Ma, APR
3/03a a .
bf .77 | 25.6 31.6 3.51 ) 5.2 .62 23.0 | 2.10 3.04 .69 2.73
cf 5.92 25.8 29.1 3.71 | 5.8 .65 20.4 4.20 5.47 .80 5.86
dl 5.07 | 25.9 | 26.6 3.75 5.9 .66 | 18.8 | 5.44 7.11 86 9.56
9/07A a
bl 4.94 | 26.4 30.4 3.67 5.6 .63 22.2 | 3.31 4.31 .74 3.19
el 5.9 | 26.5 | 28.6 3.79 | 6.0 .65 20.0 | 4.97 6.34 .83 3.00
d 5.:11 | 26.5 | 26.4 3.80 | 6.0 .65 19.0 | 5.77 743 8¢ | 10.62
9/084 4 1
o 4.94 | 26.6 | 29.9 3.68 5.7 .53 | 220 | 3.64 4.66 .75 3.50
q 5.09 26.3 26.7 3.80 6.0 64 ) 19.7 5.53 7.03 .84 8.24
5.08 26.9 | 23.9 3.80{ 6.0 .64 18.5 | 6.48 8.36 .88 | 11.19

vLT




Table B5 - Data

Series II (cont.)

aCegls) T OO /10° Fr Ma- T(%C)  x vy Ma, &P
) |

9/17X a

b| 4.68 ! 25.9 | 33.1 | 3.46 5.0 .60 | 24.4 | 1.23 | 2.14 .64 1.62 ] —-

cl .65 ) 26.2 | 30.6 | 3.45 5.0 .60 | 23.8} 1.90 | 2.80 .65 2,12 —=-

dl 4.79 26.3 27.1 3.56 5.3 .61 22.3 3.11 4.10 .71 2.19 | -
9/204 a

b{ 4.6a | 26.4 | 34.4 ! 3.45 5.0 .59 | 21.8 | 1.33 ) 2.22 .63 1.68] ~~

cl 4.67 | 26. 31.4 ] 3.48 5.1 59 1 24,171 1,95} 2.83 65 2,20 —-

a: .81 ] 26.6 | 28.5! 3.58 5.4 61 | 226 | 3,161 4.12 71 2,29 —-
9/21a a )

b

! 5.8 27.1] 29.1| 3.66 5.5 61| 23.3| 3.00| 3.9 71 2.49( -

gl s5.02| 27.4| 23.8) 3.77 5.9 .62 20.7] s.25 | 6.52 80 7.25) -—

SLT



Table B5S - Data

Series

I (cont.)

Po-Fs(Tq)

* *
Run a(kg/s) T, (°c) (kPa) Re / 105 Fr Ma T(%C) Zx VR Ma, APp
9/288 a
b) 5.81 | 26.5 35.9 3.57 5.3 .61 23.9 2.01 2.9C .67 1.89 ==
c| 4.87 | 26.7 33.3 3.63 5.5 .62 23.2 2.72 3,63 220 2131 =
dl 5.92 | 26.8 30.3 3.67 | 5.6 .62 22.4 3.45 4,421 .73 L.48 1

9.1



Table B6 - Data

Series III

P -P (T
. o o S( 0) ) 5 * & o
Run 2(kg/s) Tc( C) (kPa) Re /10 Fr Ma T(C) Xx VR Ma, APR of2)
!
]
9/253 a
b 5.85 | 34.4 45.4 4.75 8.2 .62 29.5 4.00 4,14 .73 3.98 —
cl 6.00!) 3:.6 | 41.9 | 4.88 8.7 .63 | 27.2 5.97 | 6.06 | .82 2.99 |
éd| 6.02 34.7 39.4 | 4.90 e.7 .63 | 26.0 6.96 | 7.15 | .86 10,27 --=
10/03a a
b | 5.35| 34.4 35.2 | 4.50 7.4 .59 28.6 4.69! 4.80 .72 4.42 -
c 5.72 | 34.6 | 31.7 4.66 7.9 .60 | 26.2 6.72] 6.89 .81 9.00 -—=
d: 5.75l 35,8 | 28.2 | 4.68 7.9 .60 | 25.1 7.73 | 8.03 -84 | 12,141 ~—
10/038 a
b 5.10 | 34.6 16.0 | 4.15 6.2 .54 | 27.1 604l 6031 .70 5.55 i
c 5.28 ] 34.9 11.6 | 4.31 6.7 .55 24.6 8,15 8,521 .79 | 11,23} ~——-
d 5.31) 35.0 | 8.2 4.34 6.8 .55 23.3 9.23] 9.90 .83 ) 13.88] 7~

LLn



Table B6 - Data

Series III (cont.)

R |acke/s) T (%0) P Vret10 B et 7¢%) Tx VR Ma, 8Py a(X)
16/03C a
b | 4.87] 35.1 | 16.2 | 3.99 5.7 .S1 | 29.2 4.75] 4.76 | .62 3.19 | —
c|] S5.22] 35.» 9.85 | 4.29 6.6 .54 | 26.0 7.59) 7.681 .75 | 9.,15.]1 -
dj 5.33} 35.8 6.22 ) 4.39 6.9 54 ] 24.1 9.20] 9.63 32 1 12,90 | ——
10/04A a -
b| 4.74] 34.2 | 28.6 | 3.84 5.4 .50 | 30.8 2.74) 3.06] .56 3.06 | T
c 4.88 | 34i.4 26.4 3.96 5.7 .51 30.1 3.49 | 3.69 .60 2.38 |
al s.14| 34.5 | 22.5 | 4.18 6.3 .54 | 28.1 5,291 §.2R 58 1 4.1 ] "
10/0438 5.541 34.9 ; 18.1 | 4.52 7.5 .58 | 23.8 8.74 igazgj_..;ﬁi 22.8 73.8
10/04C 5.21f 35.7 | 11.6 | 4.29 6.6 .53 1 26,1 1 7.8} 7.76 75 4 8,251 73,9
10/04D ' 4.50) 35.7 | 13.4 | 3.70 4.9 .46 | 30.5 4.25] 4.24] .55 2.22 | 55.6

8L1



ABSTRACT

Despite the abundance of work in the ficld of two-phase flcw, it
seems as though a consensus has not been reached on some of the funda-
mental points. Although exceptions exist, adequate physical interpre-
tation of the flow seems to be hindered 2ither by complexity of
analysis or, in the opposite ext}eme. the trond toward limited-range
analysis and corrclations. The dissertation presents the derivation
of basic conservation cquations for the phases. The combined equations
are usced to examine the phenomecnon of "slip" and its practical limita-
tion=, the Fanno line for single-substance flow and thc effect of slip
on choking. Equations for critical mass flux in the prescnce of slip
arc derived. The Mach, Reynolds and Froude numbers bascd on conditlions
at flushing are introduced as the characterlstic parameters, and the
importance of compressibility in single-sub- ance two-phase flew is
discussced. Experimental mcasurcments of pressure change and vold
fraction for flow in the highly compressiblo range (.5 < Ma < 1) are
presented. The working fluid is Refrigerant R-114, at room temperature,
in a test =oction of Jdiameter Scm and length 8m. The cffect of the
Froude and Mach numbers is cxamined. The experimental faclllity is
operated intermlttently with running times of approximately two
minutes and i3 lnstrumented for rapid measurcments using a computer
data acquisition and control systom. A descriptlon of the faclllty and

procedure is provided.



